The properties of pitch as the binder material for carbon anode manufacturing strongly affect the anode properties. Pitches show significant differences in their chemical composition depending on their origin. In this study, five coal tar pitches with different quinoline-insoluble (QI) contents were studied to understand the wettability of these pitches on one calcined petroleum coke using the sessile-drop test. The chemical properties of the coke and pitch were studied using XPS and FT-IR to investigate their wetting mechanism and their interactions. The structures of different pitches and the pitch-coke interface were characterized by optical microscopy and SEM, respectively. The results showed that not only the chemical but also the physical properties of the pitches contribute to the wettability of coke. The wettability increases with increasing heteroatom content in the pitch. The viscosity of pitch is a key parameter controlling the wetting behavior of pitch. The QI content, the solid particle size and distribution in the pitches play a significant role in the wettability of coke by pitch.
Introduction
Prebaked carbon anodes are used in the electrolytic alumina reduction process to produce aluminum in industry. Dry aggregates consisting of approximately 65% petroleum coke and 20% recycled anodes and butts are mixed with 15% coal tar pitch [1] . As the binder in carbon anodes, coal tar pitch has an important influence on anode quality. Good binding between dry aggregates and pitch results in dense anodes, thus greatly affecting the final anode properties [1] .
Wettability of coke by pitch is one of the important parameters which determine the quality of binding between coke and pitch [2] . The contact angle is a measure of the ability of a liquid to spread on the solid surface and penetrate through it if the solid is porous [2] [3] [4] [5] [6] [7] . It is reported in the literature that the sessile-drop technique, during which the change in contact angle with time is monitored under an inert gas atmosphere, can be used successfully for wettability studies [2] [3] [4] [5] [6] [7] .
Many authors found that the wetting behavior between pitch and substrate depends on the properties of both the pitch and substrate [4] [5] [6] [7] [8] . Rocha et al. [4, 5] studied the effect of the chemical composition and structural order of the substrates (petroleum coke as the substrate, with several substrates prepared by thermal treatment from petroleum pitch) on the pitch/substrate wetting behavior. Rocha et al. [4] also studied pitch/coke wetting behavior and showed that pitch wetting behavior is related to both surface tension and viscosity of pitch.
Sarkar et al. [7] investigated the dynamic contact angles and the interaction of different cokes by pitch, and reported that the wettability behavior of cokes by pitches is dependent on the presence of the surface functional groups in the coke and pitch that could form chemical bonds. Huang et al. [9] studied the wettability of bio-coke by pitch and found that the surfaces of bio-cokes have a different chemical nature from that of the petroleum coke, resulting in a better wettability of biocoke by pitch compared to the petroleum coke.
However, quinoline-insoluble (QI) contents have also been used to evaluate the properties of binder pitches used for anodes. Jones et al. [10] reported that a limited quantity of primary QI in binder pitch increases the bond strength and mechanical strength, and protects the underlying filler from both air-burn and CO2 oxidation. A large quantity of primary QI and carbon black can reduce the binding capacity of pitch. The absence of primary QI causes a high anisotropy of the binder-coke bridges [11] and generates higher flow conditions, resulting in an inferior strength [12] . Sakai et al. found that a limited amount of primary QI is necessary for optimized properties of the binder pitch [12] . Wombles et al. [13] reported that a substantial proportion (3-10%) of mesophase (> 4 μm) blocks the micropores of coke and prevents the infiltration of binder pitch and fine particles into the pores of the filler coke. This is detrimental to anode density and adversely affects the mechanical strength and reactivity [14] .
For the effect of QI content on anode properties, there are conflicting results in the literature. Table 1 summarizes the findings of different researchers. < 13 % Helps improve anode properties [16] 1-5 % and 5-20 % Change in QI levels does not affect anode properties [12, [17] [18] [19] 1-2 % Minimum QI level required for acceptable baked anode properties [20] Medium to high QI content Correlates with superior anode quality [18, 21] Low primary QI content
Requires process modifications to improve anode properties [18, 21] As can be seen from this table, studies do not agree on the optimum primary QI level of pitch required to have a good quality anode. This is probably because the anode properties are affected by not only the QI level but also the QI particle size and the structure of coke used. However, there does not seem to be any published study on the effect of the sizes of the solid particles or their size distribution as well as different QI contents on the wettability of coke by pitch. The objective of this study is to investigate the wetting of coke by pitches with different QI contents using the sessile-drop wetting system. The chemical properties of coke and pitch were studied using FT-IR and XPS. This study also involves the optical microscopy characterization of the QI particle size and their distribution in pitch. Furthermore, the pitch-coke interfaces were investigated using SEM.
Methodology

Materials used
Five coal-tar pitches with different QI contents were used as binders in this study. Table 2 summarizes the main properties of these pitches. A calcined petroleum coke was chosen as the substrate and was obtained by sieving the as-received coarse sample to a 100-125-μm size [22] .
The wettability of these pitches on coke was investigated for comparison. 
Coke porosity analysis
The porosity distribution in the coke sample (100-125 µm) was measured by BET equipment (Gemini VII Surface Area and Porosity, Micrometrics) using nitrogen gas.
Adsorption and desorption of nitrogen at liquid nitrogen temperature were measured for relative pressure in the range of 0 to 1. Barrett-Joyner-Halenda (BJH) analysis method was used to measure the porosity distribution based on the adsorption-desorption data.
Sessile drop wetting system
In this study, the wetting behavior of the pitch was determined using a sessile drop system at 170 °C, which is the common temperature of mixing used in industry. The sessile drop system consists of a tube furnace purged with gas (nitrogen), a pitch injection system, a graphite sample crucible, a digital video camera, and a vacuum pump (Figure 1 ). The coke sample is placed into the graphite sample crucible and is compacted to achieve a smooth coke bed surface. The injection chamber holds the solid pitch sample. This chamber has a small hole in its body and is placed just above the coke substrate by arranging the position of the injection chamber hole during the experiment. The experiments were conducted in vacuum under a nitrogen atmosphere.
To decrease the O2 and humidity content of N2, the gas is passed through O2 and humidity traps before entering the system. There are two entry lines for nitrogen. The main line is directly connected to the furnace tube for maintaining the inert atmosphere inside the tube. The other line that connects the injection chamber to the inert gas supply carries the nitrogen gas required to slightly pressurize this chamber to force the molten pitch droplet out onto the coke substrate. A video of the drop is captured, and the images are saved on a computer. To measure the contact angle, FTA 32 software is used. Each experiment was repeated twice, and the contact angle was taken as the average of these two results. After the experiments, the pitch-coke drops were cut vertically and studied with SEM. were performed prior to the Fourier transformation. All of the spectra were collected using a KBr technique (the ratio of sample to KBr was 1:100), the spectrum version 5.0.1 software was used, and the result was taken as the average of two experiments. The IR spectra for each experimental set were transformed into absorbance spectra.
XPS analysis
The surface quantitative chemical analysis of coke as well as coal tar pitches can be obtained by X-ray photoelectron spectroscopy (XPS). XPS analysis provides information about the distribution and content of different atoms and the nature of the corresponding bonds on the surface based on their electronic binding energy. In this study, the samples were ground to -125 µm and were analyzed using an AXIS Ultra XPS spectrometer (Kratos Analytica) with a monochromate Al K[α] (hν=1486.6 eV) source at a power of 210 W at the Alberta Centre for Surface Engineering and Science (ACSES), University of Alberta. The XP-spectra fitting was performed using CasaXPS software. The detailed analysis procedure and parameters used were described in a previous publication [7] . The analyzed surface depth of the sample was 2-5 nm.
Optical microscopy analysis
Optical microscopy allows the visualization of the solid particle content of the polished solidified pitches. The epoxy liquid resin was chosen for the preparation of polished blocks for different pitches to be observed in this study. Polishing was performed using Struers Polisher to create a scratch-free surface. The optical microscopy image analysis was performed using Nikon Eclipse ME600P optical microscope and was analyzed by Clemex Vision 4.0 image analysis software.
SEM analysis
The solidified pitch drops on calcined petroleum coke after the sessile-drop tests were sectioned vertically and polished for image analysis of the pitch-coke interface using SEM. This allows the visualization of the pitch structures and the penetration into the coke bed as well as the interface between the pitch and the coke particles. The SEM analysis was performed using a JEOL-JSM-6480LV with secondary electron scattering and with a voltage of 20 kV and a WD of 21-22 mm.
Results and discussion
Porosity distribution of coke
The BJH adsorption and BJH desorption average pore widths were found to be 0.267 and 0.193 µm respectively. Figure 2 shows the porosity distribution in a coke sample (100-125 µm).
The result shows that the width of the most of the pores is around 0.2 µm (2000 Å) with a maximum around 0.3 µm (3000 Å). The inter-particular space was calculated based on Figure 3 . Figure 3 shows the orientation of 112.5 µm particles (average size of particles used) for high packing density. As the coke particles are packed well before doing the wettability experiment the packing shown in Figure 3 was chosen. Figure 3 shows that the maximum size of the particle that can enter between the 112.5 µm particles is 18 µm. It was reported in the literature that the interaction between coke and pitch depends on the properties of both the pitch (i.e., chemical composition, surface tension, viscosity, QI, mesophase content, etc.) and the coke (e.g. particle size, structure, texture, chemical functional groups on the surface, porosity, etc.) [5, 6, 8] . In this study, the same coke was used for all the experiments.
Thus, the effects of physical (viscosity, QI amount, size of solid particles) and chemical properties (heteroatoms, functional groups) of different pitches on their wettability were studied.
The effect of chemical properties of coke and pitch were studied using FT-IR and XPS. The pitches with different QI contents were characterized with optical microscopy. Furthermore, the pitch-coke interfaces were investigated using SEM. 
FT-IR analysis
The qualitative analysis of the chemical groups in pitch and coke were carried out using FT-IR. From the FT-IR spectra shown in Figure 4 , it can be observed that there are similar chemical functionalities in the five different coal tar pitches. The band at 750 cm -1 is due to the orthosubstituted aromatic ring vibrations [6, 23] . The region of 700-900 cm -1 includes various bonds related to the aromatic out-of-plane vibration and C-H bending with different degrees of substitution [6, 23] . The regions between 2800-2980 cm -1 and 1480-1370 cm -1 are for aliphatic hydrogen (stretching vibrations) due to the -CH2-and -CH3 structures for the coal tar pitches [6] . The band at 3000-3100 cm -1 relates to aromatic hydrogen (stretching vibrations) [23] . The band at 1600 cm -1 is due to aromatic C=C stretching vibrations. The weak band at about 1720 cm -1 is for C=O. The band at 1000-1200 cm -1 relates to C-O group, which could be assigned to alcohol/phenols/ether. Presence of both C=O and C-O can indicate the presence of carboxylic acid or ester [23] . A wide peak around 3428 cm -1 is for free moisture. Multiple peaks in the region of 1200-1300 cm -1 are due to C-O /C-N vibrations [6] . All the pitches contain the above chemical functional groups. Therefore, it is difficult to identify the differences in chemical groups of different pitches. Figure 5 shows the FT-IR spectra of the calcined petroleum coke used in the wetting test. The band at region of 3400-3600 cm -1 is related to free moisture/phenol/carboxylic acid [7] . The band at 3452 cm -1 is due to N-H groups in carbazole/secondary amine/OH stretching vibrations. The band at 3000-3100 cm -1 is due to aromatic hydrogen stretching vibrations. The region between 3000 and 2700 cm -1 are due to C-H stretching vibrations of alkyl substituents and methylene groups in hydro aromatic compounds [7] . A peak near 750 cm -1 shows the ortho-substitution of the aromatic ring. Amines (C-N) or ethers (C-O-C) are found in the region around 1100 cm -1 .
Band corresponding to aromatic C=C bond can be seen near 1500 cm 
XPS analysis
Using XPS, the quantity of functional groups close to the surface can be found. Figure 6 (a) shows an example of the survey spectra obtained by an XPS scan for Pitch-2. The most prominent peak at 284.5 eV was designated as C1s, and other notable peaks were the O1s peak at Pitch-5 has high heteroatom content. Still it showed wettability close to that of Pitch-4 which has the lowest heteroatom content. This will be explained in more detail in the following sections. 
Heteroatoms (O, N, S) (%)
Results showed that there is a difference in the wettability of the same coke with different pitches. Table 2 compares the properties of different pitches. Even though the S.P., Beta resin, and coking value of the pitches are similar, their QI contents and viscosities are different. The pitch structure was investigated using an optical microscope in order to see the differences in QI particle size of the pitches and the effect of this on wettability. As reported in the literature, the QI can be divided into two categories: primary QI and secondary QI [1, 24, 25] . The primary QI particles that are formed in the coke oven can be beneficial for anode quality [ The area percentages of the solid particles in pitch presented in Figure 8 (a-e) were calculated using Clemex image analysis software. The area percentages of solid particles in these five pitches ranged from 11.7 % to 41.8 % (Table 4) . A good linear relation was observed between the QI content and the area percentage of solid particles in pitch as shown in Figure 9 (a).
It was reported that a typical C/H ratio for coal tar pitch is 1.8; primary QI material has a C/H ratio of more than 3.5, while secondary QI has a C/H ratio of less than 3 [1]. Typical pitch density range is from 1.3 g/cm 3 to 1.32 g/cm 3 [1]. A larger value of the C/H ratio results in a higher density. It shows that the density of primary QI is greater than the other components in pitch. Turner et al. [14] reported that QI particles have a relatively large influence on pitch density because it has the density ranging from 2.0 g/cm 3 to 2.2 g/cm 3 .
If the area corresponding to solid particles in pitch is Asp and the remaining pitch is Arp, then the percentage of solid particles in pitch by area can be expressed as follows:
The image analysis yields the area percentage of solid particles in pitch. However, it is more convenient to express the content in terms of weight percentage because it can be used to compare with the QI particle content of pitch given in weight percentage.
If ρp is pitch density and ρsp is solid particles density, then the weight percentage of solid particles (Ws) in pitches can be expressed as follows:
The percentage of solid particles found does not match with the QI % given in Table 2 . All the particles found in different pitch samples may not be QI particles. Their densities may also vary, and many particles may have a hollow center. Usually the QI particles have higher density compared to the other particles. As it is not possible to identify the QI particles specifically, it has been assumed that all the particles have densities similar to that of QI particles. This will result in a higher weight percentage of solids compared to that of the QI particles in pitch. The calculation of weight percentage has some approximations, but it gives a representative weight percent of the solid particles in pitch sample.
If all of the solid particles are QI particles, and assuming that the pitch and QI particle densities in this study are 1.31 g/cm 3 and 2.1 g/cm 3 , respectively, the calculated values of solid particle area and the corresponding solid particle percentage in different pitches are presented in Table 4 . (2) (1) The relationship between the QI content and the solid particle percentages depending on the area percentage of solid particles in the optical microscope image of pitch is shown in Figure 9 (b). The weight percentage of solid particles in these five pitches ranges from 28.0 % to 65.4 % (Table 4) . However, the real weight percentage of QI content in these five pitches ranges from 3.4 % to 10.8 % (Table 2) , which is significantly lower than the values calculated from the image analysis. As explained earlier, the assumption that all the particles have density of that of QI particles (2.1 g/cm 3 ) resulted in a high weight percentage of solid particles. This indicates that not all of the solid particles that appeared as white dots in the optical microscopy images of pitch are QI particles. It may contain certain particles shown as solids in the optical microscopy images, but soluble in quinoline. However, a linear correlation was observed between the QI content and solid particle content, which is discussed below. [12] , and the size of the secondary QI particles is greater than that of normal primary QI [12] . It is possible that most of the particles represent primary QI. It is difficult to identify the types of all of the particles; the particle size of 2 -4 µm might be mesogens, and the particle size > 4 µm might be mesophase or carbon black. The different solid particle sizes (1-10 µm) are grouped into two regions: small particle-size region (1-3 µm) and large particle size region (4-10 µm). As can be seen in Figure 10 (d), in the small particle-size region, the particle count (%) of Pitch-5 is the lowest; however, in the large particle-size region, the particle count (%) of Pitch-5 is the highest.
This might have decreased the wetting ability of Pitch-5 even this pitch had relatively high heteroatom content. This will be discussed further in the following sections. 
SEM analysis
The analysis of the pitch-coke interface was done with the scanning electron microscopy (SEM) at high magnification. For the analysis, the sessile drop samples obtained from the contact angle experiments were used. It should be noted in this case that the pitch and coke samples used had been heated to 170 ºC whereas the FT-IR and XPS analyses of pitches and coke as well as the optical microscopy analysis of pitches were carried out on samples at room temperature without prior heating. Thus, the results obtained with the optical microscopy may not be agree Figure 11 shows the interfaces of five pitches with the coke. It is possible to differentiate pitch and coke particles in these images. All of the pitch surfaces contain solid particles. It was reported that the size of primary QI is approximately 1 µm [1, 12] , and the size of the secondary QI particles is greater than 1 µm [12] . Both of them are also spherical. It can be seen that there are particles with shapes other that spherical in Figure 11 (a-e) . Hence, the SEM images also indicate that all of the pitches used in this study contain particles with characteristics similar to those of primary QI. However, it is difficult to arrive at a conclusion that all are QI particles.
It was observed that the particles of Pitch-5 showed agglomeration (size of agglomerated layer much greater than 18 µm) and patchy distribution compared to those in other pitches ( Figure 11 (e) ). As mentioned previously, the optical microscopy results showed that Pitch-5 had large agglomerated particles. The optical microscopy and SEM results showed that the particle size distribution in all of the pitches might vary before and after heating or in the presence of the coke particles (see Figure 8 (a-e) and Figure 11 Figure 12 ). Hence, these four parameters have significant effect on the wettability of coke by different pitches. As increase in C content is directly related to decrease in heteroatom content, it can be concluded that heteroatoms, especially oxygen, helps improve wettability of coke by pitch. Figure 12 shows that increase in viscosity decreased wettability of coke by pitch. Increase in viscosity reduced the flow of pitch into the coke bed resulting in higher contact angle at 60 s. It has the highest regression coefficient which shows that viscosity of pitch is a major parameter that controls the wettability of coke by pitch. As it was previously mentioned, the wettability decreased in the following order Pitch-1 being the best wetting: Pitch-1 > Pitch-2 > Pitch-3 > Pitch-5 >Pitch-4. From Table 2 , it can be seen that the viscosity of the pitches increased from Pitch-1 to Pitch-4 and Pitch-5 had viscosity lower than that of Pitch-4 but higher than those of other pitches. The results showed that high heteroatom content, low viscosity and small particle size help improve wettability of coke by pitch. Agglomeration of particles in pitch can override the effect heteroatom content and viscosity, and deteriorate the wettability of coke by pitch. The results showed that the wettability of coke by pitch can improve due to high heteroatom content, low viscosity and small particle size. However, the agglomeration of particles in pitch can override the effect heteroatom content and viscosity, and reduce the wettability of coke by pitch.
